Introduction 62
Maize is an important cereal crop worldwide. However, there are two challenges: 1) improve the grain yield to satisfy increasing human requirements, and 2) increase 64 nitrogen (N)-use efficiency for sustainable agriculture (Ladha et al., 2005; Tilman et al., 2002; Zhang et al., 2011) . In China, maize yield has increased steadily from 1.14 t 66 ha -1 in 1961 to 5.26 t ha -1 in 2009 (Fan et al., 2011 . However, over the last 10 years there was a stagnant or even declining trend of maize production in most provinces in 68 China, with a linear increase in fertilizer consumption (Fan et al., 2011) . As a result, the average agronomic N-use efficiency (AEN, kg grain yield increase per kg N 70 applied) of maize was 11.4 kg kg -1 (Xu et al., 2014) . In comparison, the average AEN for cereals was 21 kg kg -1 worldwide, with AEN reaching an average value >25 kg 72 kg -1 in well-managed systems (Dobermann, 2007) . It has been recognized that grain yield and AEN can be improved by adopting N-efficient management strategies, 74 including the choice of forms and placement of N fertilizers, as well as the combination of P and N fertilization (Hirel et al., 2007) . 76
Ammonium N (NH 4 + -N) and nitrate N (NO 3 − -N) are the main inorganic forms of N in soils; both forms can be taken up by plants. The preferred N form varies in 78 different plant species, and N uptake by plants is dependent on the applied N and soil conditions. For many species, including maize, the mixture of NH 4 + -N and NO 3 − -N 80 supports better plant growth than either form supplied separately (Marschner, 2012) .
Furthermore, P supply combined with ammonium (as opposed to nitrate) could 82 increase maize shoot biomass and shoot P content (Hoffmann et al., 1994; Leonce and Miller, 1966) , with increased root proliferation in the nutrient-rich patches and 84 enhanced N and P uptake efficiency per unit of root length/biomass (Hoffmann et al., 1994; Ma et al., 2013a) . Addition of ammonium fertilizer (as ammonium sulfate) in 86 soil could temporarily hamper nitrification through inhibiting growth of ammonium-oxidizing bacteria, probably due to ammonium toxicity and local 88 acidification (Kozlovský et al., 2009; Tong and Xu, 2012) . A localized enriched zone containing both ammonium and phosphate could attract roots and enhance lateral root 90 proliferation (Drew, 1975) , suggesting that ammonium can be taken up before being nitrified. Jing et al. (2012) reported a higher proportion of NH 4 -N than NO 3 in the 92 narrow row with localized application of NH 4 + -N+P in the field during the seedling stage. Both rhizosphere acidification and high concentration of ammonium at the local 94 2 site could help maintain N mainly in the ammonium form for some time. Hence, localized supply of P and NH 4 + -N may be an effective way to improve crop growth 96 and nutrient uptake via modifying root proliferation and nutrient availability in agricultural systems (Shen et al., 2013) . 98
In maize, total kernel number at harvest is the main yield determinant (Andrade et al., 1999) . This number is dependent on several processes (such as spikelet 100 differentiation, pollination, kernel formation and abortion), with kernel formation after silking being the most important one (Uhart and Andrade, 1995). There was a 102 close relationship between kernel number per ear and plant growth rate (PGR) during the critical kernel establishment period around anthesis (Andrade et al., 1999; 104 Tollenaar et al., 1992) . Similarly, it was found that kernel number per ear of two maize genotypes decreased linearly with decreasing plant growth rate during the 106 2-week period after anthesis (Paponov et al., 2005) . Lee and Tollenaar (2007) reported that increasing the partitioning of dry matter 108 (DM) to developing ears during the critical period of kernel establishment can increase kernel number per ear. However, another study with maize showed that 110 increased kernel number per ear due to N fertilization was not associated with an increase in plant biomass, but was related to a rise in dry matter distribution to ears 112 during the critical silking-to-anthesis period (Paponov et al., 2005) . Furthermore, it has been recognized that increased translocation of pre-anthesis N was beneficial to 114 grain setting (Paponov et al., 2005) . A recent study also showed that new maize varieties have higher post-silking net N and P accumulation than the old varieties, 116 which has significantly contributed to the greater grain yield of new varieties (Ning et al., 2013) . 118
Our previous studies showed that localized application of P plus ammonium (compared to nitrate) at sowing significantly improved maize growth and nutrient 120 uptake at the seedling stage; ammonium played a critical role in stimulating root proliferation, but the positive effect disappeared at the 10-leaf stage (Jing et al., 2010 (Jing et al., , 122 2012 . Further study demonstrated that maize growth and nutrient uptake at later stages can be improved with repeated (at the seedling and jointing stages) localized 124 application of ammonium and P (Ma et al., 2013b) . Therefore, we hypothesized that localized supply of NH 4 + -N+P as starter fertilizer and as side-dressing at jointing 126 could impove plant growth, nutrient accumulation and dry matter distribution at a later stage, and increase grain yield and agronomic N-use efficiency compared to 128 3 NO 3 − -N +P.
In the present study, 2-year field experiment on a calcareous soil was conducted to 130 test the above hypothesis with localized supply of P plus NH 4 + -N, NO 3 − -N or both, and the controls as only P, only NH 4 + -N, or no N/no P. The objectives of the present 132 study were to investigate the effect of localized supply of different N forms plus P as starter fertilizer and side-dressing at the jointing stage on (i) maize growth up to 134 maturity, concentration and accumulation of N and P in shoot, DM distribution and PGR during the critical kernel establishment period (from anthesis to 25 days after), 136 and (ii) on kernel number per ear, AEN, harvest index and grain yield at maturity. (2) 
Materials and methods 138

Site characterization and experimental design
Plant sampling and measurements of nutrient uptake
Plants were sampled at the following growth stages in 2012 (or 2013): seedling 31 176 (35), jointing 51 (53), anthesis 73 (75) (separated into leaves, stem and ear), grain filling 98 (100) (separated into leaves, stem and ear) and grain maturity 140 (145) 178 (separated into leaves, stem, cob and grain) DAS. At each sampling time, five plants per plot were cut at the stem base to measure shoot dry weight and nutrient uptake. In 180 this paper, the term "shoot" referred to all above-ground parts of maize plants including grain. 182
All plant samples were exposed to 105°C for 30 min, and then over dried at 60°C for 3-7 days to achieve constant weight. Dry samples were digested using a mixture of 184 H 2 SO 4 and H 2 O 2 (5:8 volume ratio, 98% w/w H 2 SO 4 , 30% w/w H 2 O 2 ), and digests were analyzed for N (Kjeldahl method) by titration of the ammonia liberated by 186 distillation with alkali, and for P by molybdo-vanadophosphate method (Johnson and Ulrich, 1959) . 188
Kernel number per ear, agronomic N-use efficiency, grain yield and harvest index at maturity 190
At maturity, three twin rows in each plot (8 m 2 ) were harvested by hand to determine the grain yield. Kernel number per ear was counted on six corn cobs per 192 plot. Agronomic N-use efficiency was calculated as kg grain increase produced per kg N applied. Harvest index was calculated by dividing the amount of grain yield by the 194 5 total dry matter of the above-ground part at grain maturity.
Statistics 196
One-way and two-way ANOVA were conducted using the SAS statistical software (SAS Inst., 1999) . The statistical significance of differences among means was 198 determined by LSD at the P≤0.05 probability level.
The effects of NH 4 + -N and P on maize growth in localized NH 4 + -N+P treatment 200
were analyzed with F-tests using sums of squares (Schmid et al., 2002) .
Results 202
Shoot dry weight at different stages, plant growth rate and biomass distribution at grain filling 204
Localized supply of NH 4 + -N, NH 4 :NO 3 (1:1)+P or NH 4 + -N+P as starter fertilizer and as side-dressing at jointing had a significant influence on maize shoot dry weight 206 at seedling and later stages, and plant growth rate and biomass distribution at grain filling (25 days after anthesis) (Tables 1 and 2) . (Fig. 2) The kernel number per ear was positively and linearly correlated with plant growth rate from anthesis to 25 days after in both years (Fig. 3) . 276
The contributions of different factors in NH 4
+ -N+P treatment on maize growth
We examined the magnitude of influence of different factors in localized 278 NH 4 + -N+P treatment on maize growth and grain yield in calcareous soil (Fig. 4) .
Results showed that NH 4 + -N was the major factor influencing (i) plant growth rate at 280 the grain-filling stage (25 days after anthesis onwards), (ii) shoot dry weight, and (iii) grain yield at maturity, which accounted for over 50% and 60% of variation, 282 respectively, in 2012 and 2013. In contrast, P supply explained little variation (<20%) in total for these three parameters. Similarly, the interaction between NH 4 + -N and P 284 accounted for around 10% of variation in the above parameters, except 20% in plant growth rate at the grain-filling stage in 2012. 286
Discussion
Effect of localized application of N and P on maize growth at different stages 288
It has been recognized that adopting N-efficient management strategies, such as optimizing the forms and rate of N fertilization, can significantly affect the growth 290 8 and development of numerous species, including maize (Binder et al., 2000; Hirel et al., 2007) . In agreement, we found that localized supply of NH 4 + -N+P as starter 292 fertilizer and as side-dressing at jointing significantly increased maize shoot dry weight at seedling and later stages in two years, even when the amount of NH 4 + -N 294 applied was reduced by 50% or NH 4 + -N was supplied without P (Table 1 ). In contrast, most studies evaluating the effect of nitrate:ammonium ratio were done at the early 296 growth stage and/or in hydroponic culture. − -N+P at grain filling (25 DAS after anthesis) in both years (Table 2) .
It has been reported that increasing distribution of dry matter to kernels during the 314 critical period of kernel establishment was important and beneficial for an increase in nitrate. However, localized application of ammonium could hamper nitrification by inhibiting ammonium-oxidizing bacteria due to ammonium toxicity and local 320 acidification (Kozlovský et al., 2009; Tong and Xu, 2012) . In the present study, despite no evident ammonium toxicity symptoms on maize, relatively high 322 ammonium concentrations in the fertilizer bands might, at least partially, have 9 contributed to depressed bacteria turnover and thus inhibited nitrification. Root 324 proliferation in the local site could increase uptake of ammonium before it being nitrified. Hence, in the present study, localized application of NH 4 + -N or NH 4 + -N+P 326 could have resulted in most N uptake by maize roots occurring as NH 4 -N, (2) ammonium uptake by plants not only saved energy (10 ATP per mol N) by obviating 328 a need for nitrate reduction, but also increased CO 2 assimilation rate in comparison with nitrate-supplied plants, thus enhancing biomass accumulation (Guo et al., 2007; 330 Marschner, 2012; Raab and Terry, 1995) , (3) + -N could enhance P availability in the soil by acidifying the rhizosphere of maize during uptake and prevent the applied P from being fixed, leading to increased 340 P accumulation and enhanced maize development (Jing et al., 2010) . These results suggested that ammonium-N may play an important role in promoting vegetative 342 growth and reproductive development of maize. Fig. 2 ). In addition, well distributed and sufficient rainfall in 2012 was higher on average than 378 that in 2013, which facilitated P uptake via improved diffusion rates and higher root length density (root length density at 0-15 cm soil depth was 2-fold greater in 2012 380 than 2013). We concluded that adequate rainfall in 2012 may have increased N and P accumulation and translocation of pre-anthesis N, and improved dry matter 382 accumulation and distribution to ear (from anthesis to 25 days afterwards), leading to a higher grain yield and harvest index ( Table 3) (Table 3 ). There was a positive relationship between kernel number per ear and maize grain yield in the present study, which is in accordance 388 with the earlier report (Andrade, 1999) . Maize grains are formed after silking, and the kernel number is determined during a critical period around silking (15 d before to 390 11 15-20 d after silking) (Uhart and Andrade, 1995). There was a liner relationship between kernel number per ear and plant growth rate during the critical 2-week period 392 around silking (Paponov et al., 2005) . In contrast, the relationship between kernel number per ear and plant growth rate at the critical period bracketing silking was 394 curvilinear (Andrade, 1999) . In the present study, the kernel number per ear was positively and linearly correlated with plant growth rate at 25 days after the onset of 396 anthesis in both years (Fig. 3) . Therefore, higher grain yield and AEN in the localized NH 4 :NO 3 (1:1)+P and NH 4 + -N+P treatments could be associated with higher plant 398 growth rate during the period after the onset of anthesis. + -N or NH 4 + -N+P may markedly affect plant-availability of P and micronutrients in calcareous soils (Ma et al., 2014) , and (4) ammonium could play a critical role in 412 improving plant growth rate at the grain-filling stage and enhancing accumulation and distribution of shoot biomass, leading to increased grain yield (Fig. 4) . Furthermore, 414 ammonium uptake-or/and nitrification-induced acidification, higher mobilization of soil nutrients (such as P and micronutrients) and increased N/P influx per unit root 416 length with localized application of NH 4 :NO 3 (1:1)+P or NH 4 + -N+P may stimulate uptake and accumulation of nutrients (Hoffmann et al., 1994; Jing et al., 2012; Ma et 418 al., 2014; Ortas et al., 1996) . Therefore, localized application of NH 
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